Effective Screening of Hydrodynamic Interactions in Charged Colloidal Suspensions
We investigate the hydrodynamic interaction in suspensions of charged colloidal silica spheres. The volume fraction as well as the range of the electrostatic repulsion between the spheres is varied. Using a combination of dynamic x-ray scattering, cross-correlated dynamic light scattering, and small angle x-ray scattering, the hydrodynamic function H͑q͒ is determined experimentally. The effective hydrodynamic interactions are found to be screened, if the range of the direct interaction is relatively long and the static density correlations are strong. This observation of effective hydrodynamic screening is in marked contrast to hard-sphere-like systems. Colloidal suspensions have intriguing static and dynamic properties due to their composite nature and the mesoscopic length scales involved. Colloids interact by direct forces, such as electrostatic or hard-sphere repulsions, and hydrodynamic forces mediated by the suspending fluid [1, 2] . Whereas the static properties of colloidal suspensions are strikingly similar to those of molecular fluids, the important role of the suspending medium leads to significant differences in the dynamical behavior. The complex viscoelastic and diffusional properties of colloidal suspensions depend on the interplay between direct and hydrodynamic interactions. This interplay is governed by the ratio of the different length scales in the system [3] , such as particle radius, interparticle distance, and the range of the interactions. Unraveling these fascinating effects is challenging from a fundamental point of view and allows us to tailor the characteristics of colloidal suspensions for technological applications.
The hydrodynamic interaction between two isolated particles is long range, since it decays with the inverse of the interparticle distance [1, 2] . An open question is whether many-body effects in colloidal suspensions can result in screening of the bare hydrodynamic interaction, leading to an effective pair interaction that is no longer long range. The concept of hydrodynamic screening is vigorously being discussed in the context of sedimentation [4] , where several possible screening mechanisms have been proposed [5] . Recently, it has been shown theoretically that hydrodynamic interactions are partially screened for particles on a lattice [6] . Screening of the hydrodynamic velocity field also occurs in porous media, where the solid frame remains fixed [7] . A phenomenologically similar effect is known from polyelectrolyte solutions, where the coupling of electrostatic and hydrodynamic interactions between the chain segments leads to apparent hydrodynamic screening [8] . The most successful theory for the hydrodynamic interactions in dense colloidal suspensions to date, known as the fluctuation expansion, has been developed by Beenakker and Mazur [9] . Their theory, which includes many-body hydrodynamic interactions in an approximate way, does not involve screening. The theory has been confirmed in the case of hard-sphere-like colloids [10] and has also been applied successfully to slightly charged colloids at moderate volume fractions [11] . Later, Nägele and co-workers developed a simpler, pairwise additive (PA) theory [2] . The PA theory is adequate at low [12] to moderate volume fractions [2, 13] . The work on charged colloidal suspensions has been reviewed by Nägele [2] . As he points out [2, 14] , many-body hydrodynamic effects become noticeable at volume fractions above about 10% and one has to resort to the elaborate fluctuation expansion in this concentration regime. To date, there are very few experimental data on concentrated charged colloidal suspensions [13] ; it is this region of dense charged colloidal dispersions we address in this paper.
We report the first experimental observation of effective hydrodynamic screening in charged colloidal suspensions. We use a unique combination of dynamic x-ray scattering (DXS), cross-correlated dynamic light scattering (CCDLS), and small angle x-ray scattering (SAXS). This new combination of techniques is cardinal to obtain the collective diffusion coefficient and the static structure factor simultaneously, free from multiple scattering effects, over a sufficiently wide range of wave vectors. This allows us to determine the hydrodynamic function on optically strongly scattering samples purely experimentally, free from any modeling of the dynamic or static properties. The multiple-scattering free experimental techniques used give us complete freedom to change the properties of the solvent and thus vary the range and strength of the electrostatic repulsion between the colloids. Doing so, we observe a strong influence of the structure on the hydrodynamic interactions. For samples with relatively weak interparticle structuring, the data agree reasonably well with fluctuation expansion calculations [9] . As the range of the direct interaction increases and static density correlations become stronger, however, we find large deviations from this theory. Our results show that higher-order many body effects in dense, charge stabilized colloidal suspensions, that are beyond the scope of current theories, lead to a flattening of the hydrodynamic function [see Fig. 3 ]. Phenomenologically, this flattening can be described as hydrodynamic screening. To our knowledge, this or similar effects have not been reported before.
We used colloidal silica spheres (mean radius a 54.9 6 0.1 nm, polydispersity s 0.042 6 0.005, density r 1.93 6 0.03 g͞cm 3 , refractive index n 1.465 6 0.004), synthesized following the microemulsion technique [15] . A concentrated master suspension in a mixture of water and 50 wt % glycerol (n 1.396) was produced by centrifugation. Samples of lower concentrations were obtained by dilution with known amounts of fluid. Two series of samples with the same volume fractions and the same suspending fluid were prepared. In one of the series, excess salt was removed by de-ionizing with ion exchange resin and adding extra exchange resin to the samples, thus increasing the range and strength of the direct interaction [1, 2] . The other series of samples remained non-de-ionized. The samples were sealed in cylindrical thin-walled glass capillaries with a diameter of 2 mm.
DXS and CCDLS measure the time-and wave-vectordependent intensity correlation function of coherent radiation scattered by the sample, characterizing the dynamics. DXS was performed at beam line ID10A of the European Synchrotron Radiation Facility in Grenoble [16] . The sample was illuminated with radiation at a wavelength l 1.51 Å. The longitudinal coherence length was about 1 mm. The transverse coherence length was 140 mm vertically and 14 mm horizontally. A pinhole with a diameter of 20 mm was inserted to provide a collimated and partially coherent beam. A scintillation counter served as detector. Intensity correlation functions were computed with an ALV5000/E correlator. SAXS measurements, yielding the static scattered x-ray intensity as a function of wave vector q, were done under the same experimental conditions as the dynamic measurements. The static structure factor S͑q͒ was determined by dividing the scattered intensity by the particle form factor, measured on a dilute sample.
In the CCDLS setup, a diode pumped, frequencydoubled Nd:YAG laser (l 532 nm) served as the light source. Two multimode optical fibers, kept at a fixed vertical distance, were used to couple the scattered light into two photomultipliers whose outputs were cross correlated. This way of suppressing multiple scattering has been proposed only recently [17] . functions of the de-ionized samples are less exponential and their initial decay is slower (at this wave vector) as compared to the non-de-ionized samples. This behavior indicates that, although the nominal volume fraction is the same, the system becomes effectively more dense as the range of the direct interaction increases [2] .
The initial decay of f͑q, t͒ gives the collective shorttime diffusion coefficient according to D͑q͒ 2G͑q͒͞q 2 , where G͑q͒ lim t!0 ͓d lnf͑q, t͒͞dt͔ is the first cumulant [1] . Figure 2 shows the inverse of the short-time diffusion coefficient and the static structure factor for a de-ionized suspension (volume fraction f 0.089 6 0.002). The diffusion coefficient was divided by that for a dilute sample D 0 , measured with dynamic light scattering. De-ionizing the samples leads to an increase of the peak height of both D 0 ͞D͑q͒ and S͑q͒, a decrease of the osmotic compressibility [~S͑q 0͒], and a shift of the peak to smaller q values with respect to non-de-ionized samples. The shift of the peak indicates an increase of the range of the direct interaction [1] . For comparison, the dashed line in Fig. 2 shows a calculated hard-sphere structure factor for the same volume fraction. The inverse of the diffusion coefficient mimics the q dependence of the structure factor. This behavior is incorporated in the well-known expression [1] D͑q͒ D 0 H͑q͒͞S͑q͒ ,
where the function H͑q͒ represents the hydrodynamic interactions. Quantitative differences between D 0 ͞D͑q͒ and the structure factor, evident from Fig. 2 , indicate that hydrodynamic interactions play an important role.
In Fig. 3 we show H͑q͒ at a representative volume fraction (f 0.089). Figure 3(a) shows data on a nonde-ionized sample, and Fig. 3(b) on a de-ionized sample. Qualitatively, the hydrodynamic interaction behaves similarly to hard-sphere-like systems [10] : H͑q͒ is smaller than 1 for all wave vectors, indicating a hydrodynamic hindrance of diffusion. This effect is largest at small q. The experimental curves are compared to the fluctuation expansion theory [9] (dashed lines), taking the measured structure factor as input for the calculations. Since at higher volume fractions many-body effects are expected to be important, the elaborate fluctuation expansion approach should be used [2, 14] . For the non-de-ionized samples, reasonable agreement with the theory is found, in accordance with previous results on non-de-ionized silica systems [13] . However, small systematic deviations are apparent: H͑q͒ shows less structure than expected from the calculation. As the samples are de-ionized, these deviations become large, revealing two essential differences to the hard-sphere case: The maximum value of H͑q͒ is much smaller and the q dependence substantially less pronounced than theoretically expected [ Fig. 3(b) ]. Since the fluctuation expansion theory cannot describe our data, we now resort to a phenomenological description in terms of an effective hydrodynamic pair interaction. To this end, the hydrodynamic function is approximated by
whereq is a unit vector, a the particle radius, and h 0 the viscosity of the suspending fluid. The function A͑q͒ represents the leading far-field terms of the effective pair mobility. In the absence of hydrodynamic screening, we have [9, 18] 2 ͑1 2qq͒
The first term in the square brackets in Eq. (3) is dominant for q ! 0 and represents the long-range Oseen term in real space, which decays with the inverse of the interparticle distance (~1͞R). The following terms represent the dipole contribution (~1͞R 3 ). For hard spheres, the prefactor m ‫ء‬ 6ph 0 a h 0 ͞h ‫ء‬ , where h ‫ء‬ is to linear order in the volume fraction identical to the effective viscosity of the suspension [9] . In analogy to porous media [7] , we introduce hydrodynamic screening into the model by substituting
in Eq. (3). This substitution leads to a sum of exponentially screened terms and a dipolelike interaction in real space, with screening length l scr [7] . In order to adjust the absolute value of H͑q͒, we take the q `limit of the effective mobility, m ‫ء‬ , as a free parameter. The solid lines in Fig. 3 represent numerical calculations with the screened form of A͑q͒. Again, the measured structure factor has been used to perform the ensemble average. Screening clearly leads to a flattening of the hydrodynamic function, in good agreement with the experiment. The solid line represents the hydrodynamic screening length for porous media [7] .
For the non-de-ionized samples hydrodynamic screening is weak (screening length l scr ഠ 10a). Furthermore, we find m ‫ء‬ 6ph 0 a ഠ h 0 ͞h͑f͒ for these samples, where h͑f͒ is the viscosity of a hard-sphere suspension at volume fraction f [19] . We conclude that the data for non-de-ionized samples are well described by particles interacting by a slightly screened effective hydrodynamic pair interaction in a fluid of viscosity h͑f͒, which is still close to the behavior of hard spheres. The essential difference to hard spheres and to previous results on charged suspensions [2, 12, 13] is, however, the introduction of an effective hydrodynamic screening. Strikingly, hydrodynamic screening is much more pronounced for the de-ionized samples, as is evident from Fig. 3(b) . In order to describe the flattening of the data as compared to the hard-sphere theory, a screening length of about 3 particle radii is needed [solid line in Fig. 3(b) ]. The mobility m ‫ء‬ , fixing the absolute value of H͑q͒, becomes much smaller than for the nonde-ionized samples.
In Fig. 4 we show the hydrodynamic screening length for both non-de-ionized and de-ionized systems as a function of volume fraction. At all volume fractions, the screening length becomes substantially shorter as the samples are de-ionized. This result indicates a strong coupling of hydrodynamic and direct interactions. For comparison, the solid line in Fig. 4 shows the hydrodynamic screening length found in effective-medium theories for porous media [6, 7] , where the solid frame remains fixed. It appears that l scr approaches this result as the samples are de-ionized, whereas screening vanishes in the hardsphere limit. This suggests the following interpretation: the strong Coulomb interaction prevents the particles from moving freely in response to the hydrodynamic field, leading to an effective screening similar to porous media.
